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I. INTRODUCTION
Molecular beam epitaxy (MBE) has evolved into one of the most important techniques for the fabrication of high quality semiconductor devices. Sn and Si are most widely used for n-type doping of GaAs in MBE. However, using Sn, sharp doping profiles are difficult to achieve due to the accumulation of Sn on the surface during growth.' This disadvantage may be overcome with the use of either Si or SnTe as a dopant.2m4 Sharp doping profiles were achieved using SnTe,"' however, the in corporation process of SnTe is still an open question. Collins et aL5 proposed SnTe to be incorporated pairwise, with its dissociation occurring only for growth temperatures above 580 "C. Calculations for paired donor impurities have been performed. They suggest that the SnTe pair levels are resonant with the conduction band."T7 It is well known that dopjng changes the optical response.* The dependence on doping of the E, and El + A 1 critical points, which are responsible for two of the strongest features in the dielectric function, has been studied extensively.g-" These critical points originate from transitions in the A-direction of the Brillouin zone, i.e., for k along ( 111). I2 Doping induces a critical point shift to lower energies and a broadening, which scale quadratically with dopant charge but show at most a linear dependence (usually weaker) on the dopant concentration." Therefore, the study of the optical response should allow us to distinguish between mono-[Sn ' + Te+ , ( SnTe) +] and divalent [(SnTe)2'] donor atoms. However, ellipsometry cannot distinguish between Sn' + Te+, and (SnTe)+. This problem can be overcome using x-ray diffraction to determine the impurity concentration [Sn]+ [Te] .
In this article we present x-ray diffraction and ellipsometry (in the 1.7-5.7 eV range) measurements on n-type SnTe-doped GaAs(100) films (up to carrier concentrations of 1.2X 10" cm-") at room temperature. The observed doping effect on the optical properties is found to be similar to that ")Electronic mail: kuball@cardix.mpi-stuttgart.mpg.de recently reported for n-type Si-doped GaAs." Combining with the results from x-ray diffraction, we conclude that a large proportion of SnTe is incorporated as independent Sn and Te donor atoms.
Il. EXPERIMENT
A. Samples A set of SnTe-doped n-type GaAs films of 5000 8, thickness (up to carrier concentrations of 1.2X 10" cmm3) was grown by atomic layer molecular beam epitaxy (ALMBE)' on semiinsulating GaAs(100) at a substrate temperature of T, = 350 "C. During ALMBE growth the surface stoichiometry is periodically modulated between As-rich and Gastabilized reconstructions by periodically supplying AS.+ beam pulses (0.4 s long, beam equivalent pressure of 3 X 10e6 mb), while Ga flux is continually supplied to provide a rate of 0.8 monolayers/s (-0.8 pm/h) as in conventional MBE. The growth kinetics obtained by this modulation induces a layer by layer deposition and allows to reduce substrate temperatures from the standard 580-600 "C to 300-350 "C, in order to improve dopant incorporation without compromising the optical quality. Surface morphology is also excellent (mirrorlike under Nomarski microscope), even for the highest doping levels. The dopant concentration was changed by varying the SnTe cell temperature between TS=300 and 369 "C. Further details about the sample growth will be published elsewhere.13 The free carrier concentration was determined by Hall measurements at room temperature. 
C. Ellipsometry
The complex dielectric function of the variously SnTedoped GaAs samples was determined using rotating analyzer ellipsometry. A detailed description of this technique can be found elsewhere in the literature.15 The samples were measured without any-chemical treatment of the surface (i.e., as grown). The complex dielectric function was evaluated from the measured ellipsometric angles using a three-phase model (ambient-oxide-bulk). Since the penetration depth of light is much smaller than the film thicknesi throughout the entire spectral range investigated, we have neglected the finite film thickness in this analysis. The oxide layer thickness was assumed to be the same for all samples and was determined by fitting the ellipsometric data of an undoped GaAs sample in I the region of the E2 gap using the dielectric functions of undoped GaAs and its oxide, as found in the literature. 16'17 The El and El +A, critical points were treated as twodimensional critical points having the canonical line shape"
where E represents the critical point energy, r the broadening and 4, the phase angle. The critical point parameters were determined by fitting the numerically obtained second derivative spectrum d2ddE2. or other deep defects should explain the decrease in LY with doping at high doping levels. Similar effects were observed in Si-doped GaAs." The inclusion of Sn as an acceptor would be another possible mechanism for the reduction of & at high doping levels, however, should play a minor role."-" We thus conclude that, at least for low doping levels, SnTe is mainly incorporated either as Sn' and Tef or as (SnTe)2f.
B. Eliipsometty
Doping induces a red shift ([AEI = lEdoped-Eundopedj) and broadening <IArl=Irdoped~rundopedl) of the El and E, + A 1 critical points in n-type SnTe-doped GaAs. Their dependence on the carrier concentration is shown in Fig. 3 in a log-log representation. SnTe doping shows, within our experimental resolution, identical results to those previously observed on Si-doped GaAs,".18 which are reproduced in Fig. 3 . The red shift and broadening follows a power-law dependence IZ~ (aE= 0.96+0.10,~~uy=0.75+-O.lO)*'*" on the carrier concentration y1 up to about iz = 3 X 1018 cmm3, whereas at higher doping levels a saturation (or even a slight decrease in the case of the broadening) is observed. Doping results in a change of the bulk optical properties due to the influence of the dopant potentials which are screened by the free carriers:9 a red shift and broadening of the E, and E, + A, critical points result. However, band bending effects present on most surfaces due to surface Fermi level pinning,23 conceal the bulk behavior. Only cleaved GaAs(llO), having flat bands at the surface due to the absence of surface states within the gap,23 allows the study of the bulk doping effect." In all other cases, the removal of the free carriers from the surface depletion layer increases the dopant potential influence-the unscreening of impurities-and results, therefore, in a significantly larger red shift and broadening of the critical points as compared to bulk. 'I In fact, in the low doping regime, where the depletion layer thickness exceeds the penetration depth of light, only this region is probed. The effect of the unscreening of impurities can be estimated using second order perturbation theory omitting the k dependence of fhe wave functions and applying simple screening theory with a screening, i.e., cutoff length, h-' proportional to the average distance between impurities: loJ1 AEkl=Nz [4; :z; k+, , m , where N denotes the dopant concentration and Z the dopant charge. The redshift of the critical point energy follows the law AE m N-1'3 for small, and A E = N for large q vector contributions. The linear increase observed in the experiment in the low-doping regime [ Fig. 3 Fig. 2 ). Therefore it is obvious that, at least for low doping levels, ellipsometry and XRD conclude that Sn' , Te+ is the dominant doping mechanism. This is in contrast to the pairwise incorporation process previously proposed in the literature for growth temperatures below 580 "C which is the case for our samples; ' Note that at high doping levels bulk doping behavior starts to contribute:'07" Z AEm *3/2 nlD, mr since the depletion layer width reduces below the light penetration depth. This results in a weakening of the doping dependence." Again mono and divalent donor result in different changes allowing the same conclusion as above. The same conclusions can be drawn by considering the dopinginduced broadening of the critical points [ Fig. 3(b) ].g,18 DX centers, which are always present in these highly doped GaAs samples,24 were not taken into account in the ellipsometry analysis since it has been pointed out that they do not significantly intluence the critical point parameters.'r IV. CONCLUSION A series of n-type GaAs:SnTe layers were grown by ALMBE at low temperature (T,=350 "C). The incorporation process of SnTe in GaAs was studied using x-ray diffraction and ellipsometry. Combining these two techniques we are able to distinguish between the doping mechanisms: 
